The study examined the global metabolic and some biochemical changes in rats with cholestasis induced by bile duct ligation (BDL). Serum samples were collected in male Wistar rats with BDL (n = 8) and sham surgery (n = 8) at day 3 after surgery for metabo lomics analysis using a combination of reversed phase chromato graphy and hydrophilic interaction chromatography (HILIC) and quadrupole time of flight mass spectrometry (Q TOF MS). The serum levels of malondialdehyde (MDA), total antioxidative capacity (T AOC), glutathione (GSH) and glutathione disulfide (GSSG), the activities of superoxide dismutase (SOD) and glutathion peroxidase (GSH Px) were measured to estimate the oxidative stress state. Key changes after BDL included increased levels of L phenylalanine, L glutamate, L tyrosine, kynurenine, L lactic acid, LysoPC c (14:0), glycine and succinic acid and decreased levels of L valine, PC b (19:0/0:0), taurine, palmitic acid, L isoleucine and citric acid metabolism products. And treatment with BDL significantly decreased the levels of GSH, T AOC as well as SOD, GSH Px activities, and upregulated MDA levels. The changes could be mapped to metabolism of amino acids and lipids, Krebs cycle and glycolysis, as well as increased oxidative stress and decreased antioxidant capability. Our study indicated that BDL induces major changes in the metabolism of all 3 major energy substances, as well as oxidative stress.
Introduction O bstructive jaundice (OJ) produces profound changes in other organ systems, including the liver, (1) kidneys, (2) heart, (2) brain, (3) blood coagulation and altered body immunity. (4, 5) Notably, the incidence of systemic endotoxemia is also increased. (6, 7) And the increased oxidative stress in cholestasis may be concerned with the possible mechanism. (8) (9) (10) (11) (12) (13) (14) Metabonomics could provide quantitative measurements of overall alteration in the metabolic profiles of responses to physiopathological stimuli, genetic modification, as well as diseases. (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) LC-MS is a frequently-used analytical tools for metabonomic studies and is rapidly expanding in this field. (18, (27) (28) (29) Recently, ultra-performance liquid chromatography/mass spectrometry (UPLC/MS) has been used broadly in metabolomics researches due to its high sensitivity and reproducibility. (29, 30) In the current study, we examined global changes of metabolites after bile duct ligation in rats using a combination of ultra-performance liquid chromatography with Q-TOF mass spectrometry (UPLC/Q-TOF MS) and detected several primary indexes about oxidative stress in serum.
Materials and Methods
Chemicals and reagents. HPLC-grade methanol and acetonitrile (ACN) were purchased from Merk (Darmstadt, Germany). Formic acid was purchased from Fluka (Buchs, Switzerland). Ammonium formate and all endogenous metabolites related standards were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water was prepared with a Milli-Q water purification system (Millipore, Bedford, MA).
Animal experiment and sample collection. All animal studies followed the relevant national legislation and local guidelines. Male Sprague-Dawley rats (200 ± 20 g) were purchased from the Slac Laboratory Animal Co., Ltd. (Shanghai, China) and housed in a standard small animal facility. Rats were anesthetized using sodium pentobarbital (Sigma-Aldrich, 50 mg/kg intraperitoneally, supplemented intravenously as needed). Bile duct was isolated. Then, two 1-0 silk sutures were placed to the proximal portion and one silk suture was placed to the distal part of the bile duct. The silk sutures were tightened. Then the common bile duct was severed. Control rats received sham-operation, but without ligating the bile duct. Blood samples were collected into procoagulant tubes from the hepatic portal vein on the 3rd day after the surgery, left on ice for 1 h, and then centrifuged to obtain serum samples for storage at -80°C until analysis.
Chromatography. Serum samples were thawed at 4°C, and diluted with methanol at a ratio of 1:3. After 3-min vortex, the samples were centrifuged at 12,000 g for 10 min at 4°C. The supernatant was separated with chromatography using an Agilent 1290 Infinity UHPLC system (Agilent Technologies, Wilmington, DE). The column oven was set at 40°C. An acquity UPLC ® HSS T3 C 18 column (1.8 μm 100 × 2.1 mm, Waters, Milford, MA) was used for the reverse phase separation. The mobile phase consisted of 0.1% formic acid (A) and acetonitrile modified with 0.1% formic acid (B), using a gradient elution of 2% B at 0-2 min, 2-95% B at 2-17 min, 95% B at 17-19 min. The total run time was 25 min including 6-min equilibration. The flow rate was O 400 μl/min and the injection volume was 4 μl. For HILIC analysis, an acquity UPLC ® BEH HILIC C 18 column (1.7 µm 100 × 2.1 mm, Waters) was used on the same LC system. The mobile phase consisted of 10 mM ammonium formate modified with 0.1% formic acid (A) and ACN modified with 0.1% formic acid (B), using a gradient elution of 95% B at 0-10 min, 95-90% B at 10-14 min, 90% B at 14-20 min, 90-60% B at 20-23 min, 60% B at 23-25 min and post time was set to 10 min for equilibrating the system. The total run time was 35 min. The flow rate was 350 μl/min and the injection volume was 4 μl.
Mass spectrometry. An Agilent 6538 UHD and AccurateMass (Q-TOF) mass spectrometer (Agilent Technologies) was used in the study. The Q-TOF mass spectrometer was operated in positive ion mode and negative ion mode with a capillary voltage of 4 kV in positive ion mode and 3.5 kV in negative ion mode, drying gas flow of 11 L/min, and a gas temperature of 350°C. The nebulizer pressure was set at 45 psig. The fragment or voltage was set at 120 V and skimmer voltage was set at 60 V. All analyses were obtained by means of an automated calibrant delivery system using a dual-nebulizer ESI source that introduces a low flow (100 ml/min) of a reference solution (Agilent Technologies), which contains the internal reference masses at m/z 121.0509, 922.0098 in positive ion mode and m/z 112.9856, 1033.9881 in negative ion mode to ensure mass accuracy and reproducibility. Data were collected in centroid mode and the mass range was set at m/z 100-1,100 using extended dynamic range. Potential biomarkers were analyzed by MS/MS. The collision energy was 10-40 V. The negative ion scan was only employed when metabolite identification was carried out.
Measurement of indexes about oxidative stress in serum. The content of malondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH), glutathione peroxidase (GSH-Px), oxidized glutathione (GSSG) and total antioxidant capacity (A-TOC) in serum was detected with reagents kits purchased from Jiancheng Biologic Company (Nanjing, China). All manipulations were carried out according to the manufacturer's instructions.
Data handling. In both RPLC (reversed phase chromatography)-MS and HILIC-MS analyses, the raw data obtained in instrument specific format (.d) were converted to common data format (.mzData) files using Agilent Mass Hunter Qualitative Analysis (B.03.01) software that eliminated isotope interferences. The program XCMS (http://metlin.scripps.edu/download/) was used for extracting raw data signals (peak Identification and Integration), and then for correction of retention time and automatic integration and deconvolution analysis (vest MS fragmentation) in R software platform. The post-editing was conducted in the EXCEL software, and the results were organized as two-dimensional data matrix that included variables (retention time and mass-to-charge ratio), observables (samples) and peak intensity. All data of each sample were normalized to total intensity for correcting the MS response shift during the long analysis duration and the different enrichment factors of serum among individuals before the multivariate data analysis. The normalized data were introduced to SIMCA-P V11.0 (Umetrics, Sweden) for principal component analysis (PCA) and partial least-squares discriminant analysis (PLS-DA) after mean-centering and pareto scaling, a technique that increases the importance of low abundance ions without significant amplification of noise. Different metabolites were selected by using VIP (variable importance in the projection) value (VIP>1 was considered statistically significant) and Student's t test (p<0.05 was considered statistically significant). Identification of metabolites were conducted by searching online database (http://metlin.scripps.edu/) (comparing the mass-to-charge ratio of Mass spectrum or accurate molecular mass) and comparing with standard compounds. To examine the stability of the LC-MS system and method, quality control (QC) samples were prepared by pooling the same volume of serum from all samples.
We detected several indexes about oxidative stress between the sham group and BDL group. The statistical analysis was carried out using SPSS ver. 17.0 software. Data were given as mean ± standard error (SE). And differences between two groups were assessed using Independent-Samples t test. It is considered significant if the p value was less than 0.05.
Results
Representative RPLC-MS base peak chromatograms (BPC) and HILIC-MS BPC of sham controls are shown in Fig. 1 and 2 .
Serum metabolite profile: comparison of sham control vs BDL rats. Data processing using the default Unit Variance Scaling and Mean-Centered for produced a mathematical model, characterized below: R 2 X = 0.668; Q 2 (cum) = 0.499, indicating a difference in metabolic profile between the sham control and BDL rats. The PCA scores plot (Fig. 3A) showed that all samples were in the 95% confidence interval, which showed that all samples were in line with the analytical requirements of metabolomics and the BDL 3d group and sham group can also be well distinguished.
Upon verification with partial least-squares discriminant analysis (PLS-DA), the R 2 X (cum) and R 2 Y (cum) values were 0.713 and 0.988, respectively, indicating goodness of fit and predictive ability. The PLS-DA scores plot ( Fig. 3B ) also clearly distinguished between the BDL group and sham control group: the BDL group was predominantly in the right side of the first principal component whereas the sham control group was mostly in the left side.
Identification of potential biomarkers. The S-plot (Fig. 3C for RPLC) was used to identify potential biomarkers for obstructive jaundice. A combination of VIP (variable importance in the projection) value of the PLS-DA model with 2-sample Student's t test were used to search differential metabolites between the sham control and the BDL rats, and VIP value>1, p<0.05 were considered statistically significant. Candidate metabolites were verified by comparing with online database (http://metlin.scripps. edu/) (comparing the mass-to-charge ratio of Mass spectrum or accurate molecular mass) and comparison using a standard compound. A total of 14 metabolites were differentially expressed ( Table 1) .
The relative peak areas of the 14 metabolites from both RPLC-MS and HILIC-MS to their respective total integrated area of the spectra are shown in Fig. 4 . The following eight metabolites were significantly higher in the BDL rats: L-phenylalanine, Lglutamate, L-tyrosine, kynurenine, L-lactic acid, LysoPC c (14:0), L-alanine, glycine and succinic acid. Six of fourteen metabolites including L-isoleucine, L-valine, PC b (19:0/0:0), taurine, palmitic acid and citric acid were significantly decreased. These differentially expressed metabolites were mapped into 4 pathways: amino acid metabolism, lipid metabolism, Krebs cycle and glycolysis (Table 1) . A metabolic network is shown in Fig. 5 .
Average indices of oxidative stress observed. The primary indexes about oxidative stress were listed in Table 2 . The values of GSSG in rats with BDL were higher than sham control rats, but there was no significant difference between the two groups (p>0.05). MDA and GSH concentrations in rats with BDL were higher than the sham control rats (p<0.01). And the levels of SOD, GSH-Px and total antioxidative capacity (T-AOC) in the BDL group were lower than in the sham group (p<0.05).
Discussion
As shown in results, HILIC is an appropriate supplementary method for retaining polar metabolites in serum, although it appears to be less effective than RPLC. For instance, L-isoleucine, kynurenine and L-lactic acid were eluted within the dead time on an RP column (see Table 1 for data), while they had longer retention times on an HILIC column. It is apparent that HILIC provided higher MS sensitivity because of its enhancive ionization e?ciency in ESI-MS rooting in the high organic content of the solvents used for chromatography. The ions from the polar metabolites with lower concentration could be tested on account of their high sensitivity in HILIC. Hence the units of two chromatographic approaches could add more information about metabolites for the subsequent research.
The current study indicated that metabolic disturbance in BDL rats involves many major biochemical processes. The most prominent changes were amino acids, including L-phenylalanine, L-glutamate, and L-tyrosine. This is not surprising since the liver is the major site for protein metabolism.
Amino acid metabolism. In our experiment, glycine (glucogenic amino acid) was upregulated in BDL rats. Glycine is an antioxidant, and has been shown to be reno-protective via Na + -K + ATPase, malondialdehyde and nitric oxide. (31) This result encourages exploring glycine as an adjunct treatment of renal failure in patients with cholestasis.
In the recent period, a growing body of research has shown that free glycine is hepato-protective. (32, 33) Glycine hinders the increase of [(Ca
2+
)i] in hepatic parenchymal cells owing to agonists released during stress, most probably through actions on a glycinesensitive anion channel. (34) Endotoxin activates the cell membrane calcium channels of mononuclear macrophage, increases inward flow of calcium ion, and aggravates the release of cytokines and inflammatory mediators. A previous study showed that glycine could attenuate injury and mortality of endotoxemia via preventing the LPS-induced enhancement of [(Ca
)i] in Kupffer cells, and consequently minimizing toxic eicosanoid and cytokine production. (35) L-Glutamic acid and glycine are the rate-limiting precursors in the synthesis of glutathione, and more than 98% of intracellular GSH. (36) GSH is very important in protecting against oxidative damage.
(37,38) The liver is the major site for detoxicating xenocompounds and ultimately excretion of the substances through the bile. GSH is a main driving force of bile acid independent bile flow and can remove harmful substances via promoting bile excretion. (39) Hence the reduction of GSH could cause cholestasis, increase lipid peroxidation of liver cells, lead to the accumulation of free radicals, and then aggravate hepatic injury induced by obstructive jaundice. GSH is synthesized from L-glutamic acid, Lcysteine and glycine and can be metabolized into cysteinylglycine, γ-glutamylcysteine, glycine and cysteine catalyzed by gamma glutamyl transferase (γ-GT) and dipeptidase (DPT). (40) The increase of L-glutamic and glycine in BDL rats indicates that GSH synthesis is attenuated and GSH catabolism is increased after BDL, which is in accordance with the GSH levels detected in the serum.
Phenylalanine hydroxylase (PheH) catalyzes the hydroxylation of phenylalanine to tyrosine, a precursor for many hormones and neurotransmitters. Phenylalanine is also a precursor of important small molecules necessary for hormone synthesis. Increased plasma phenylalanine and tyrosine levels in BDL rats may underlie the nerve-endocrine dysfunction upon cholestasis. The synthesis of aromatic amino acids (phenylalanine and tyrosine) is usually located in microorganisms and plants, and in general, their glycolysis is carried out by anaerobic bacteria in the gut. So the change of the concentration of them may be involved in gut flora metabolism.
As an efficient endogenous antioxidant, taurine showed renoprotective effects in several model animals. (41) Thus the decreased taurine in BDL rats may partly contribute to the oxidative stress and renal injury of obstructive jaundice.
Isoleucine is a branched chain amino acid (BCAA), and participates in glucose metabolism and provides energy through generating succinyl coenzyme A and acetyl coenzyme A from fatty acid beta oxidation. BCAA are important amino acids in energy metabolism, and particularly upon starvation. (42) And their metabolic process may inhibit the consumption of liver and muscle glycogen, promote alanine-glucose cycle to reinforce the gluconeogenesis, hence is beneficial for energy supply in long time energy consumption. (43) Thus the decrease of isoleucine and valine in the BDL rats suggest disturbance of three major nutrients such as sugar, fat, protein, immune function and energy metabolism in which the degradation of valine may be the main source of energy. The decrease of valine content may also have direct effect on raw materials and energy required for Krebs cycle, which was suppressed in BDL rats.
Upon liver damage, entry of amino acid into the blood, particularly aromatic amino acids, is increased. Liver dysfunction also decreases insulin inactivation and may participate in hyperinsulinemia. The intake of BCAA in skeletal muscle and adipose tissue is increased by insulin. As a consequence, the BCAA/AAA ratio is reduced which easily leads to hepatic encephalopathy. (44, 45) Glycolysis. An increase of lactic acid in cholestasis is concerned with the increase of lactic acid production and decreased clearance. It may be ascribed to the fast conversion of pyruvic acid to lactic acid induced by hypoxia and mitochondria energy metabolism disorder, which leads to the elevation of lactic acid generation. (46) Besides, liver and kidney function decline in cholestasis may cause the decreased rate of lactic acid removal. A research showed that the elevation of peripheral blood lactic acid levels is the metabolic characteristic of rats with Table 2 . Primary indexes about oxidative stress in serum (mean ± SE) *p<0.05, **p<0.01 vs sham control. high risk of multiple organ failure and its degree elevation is proportional to the mortality, (47) which is consistent with the feature of high complications and mortality in cholestasis. Furthermore, the abnormity of lactic acid levels suggest deficits in the overall energy metabolism. (48, 49) The elevation of lactic acid in model animals shows that liver and kidney injury, part hypoxia and other factors may make the membrane structure of visceral organs damaged and result in respiratory chain disorders as well as Krebs cycle and energy metabolic disorders in mitochondria.
Lipid metabolism. Lysophosphatidylcholine (LPC) is produced by hydrolysis of phosphatidylcholine (PC) by phospholipase A2. PC may act as serum antioxidant to prevent lipoprotein oxidation. (50) Low-level PC may also play a part in an imbalanced oxidative stress. (51) Many studies have shown that LPC can effectively induce asymmetric dimethylarginine (ADMA) (52) (53) (54) (55) and oxidative stress through activating the NADPH oxidase. (52, 54, 55) Hence an increase of LPC and decrease of PC in the BDL rats in our study indicate the presence of phospholipids metabolic abnormality and an imbalance of oxidative environment. It is also conceivable that these variations are likely to ascribe to the activation of phospholipase A2. Besides, PC is a primary lipid component of biomembranes.
(56) LPC participates in a variety of cell signal transduction pathways in macrophages and T cells and especial receptors. (57) (58) (59) Kynurenine (Kyn) is an important intermediate of tryptophan (Trp) metabolism, and is implicated in many human diseases. Kyn plays an important role in the adjustment of blood pressure and could activate cGMP signal transduction pathway. (60) Kyn has immunosuppressive activity, and its generation also consumes Trp, which in turn is a essential amino acid of T cells.
(61) Kyn levels is associated with the severity of chronic renal disease, also, serum Trp levels is negatively associated with uric acid and creatinine levels in patients. (62, 63) Pawlak et al. (64, 65) found that prominent alterations of the Kyn metabolism in peripheral blood in patients with chronic renal failure (CRF) resulted in the dramatic reductions of Trp levels and elevation of Kyn concentrations, and is directly related to higher levels of renal insufficiency. Kyn and its metabolites are important to proper functions of the central nervous system. Endogenous kynurenic substances are regulator of glutamatergic neurotransmission which may be involved in adjusting the brain function. Kyn is also the only known endogenous neural excitatory amino acids (EAA) receptor antagonist. The increase of Kyn in BDL rats may be relevant to the development of hypotension, renal failure, immunosuppression and may be a compensatory reaction of organism against the nerve function deficit in cholestasis.
Kreb's cycle. The increase of succinic acid, an intermediate in citric acid cycle, in BDL rats indicates hepatocytic mitochondria damage in cholestasis results in the Krebs cycle disorders, (66) accumulation of intermediate and energy metabolism dysfunction. Under a normal state, stress should be put on aerobic respiration in cell energy metabolism. Palmitic acid and citric acid are both intermediates in the citric acid cycle, and their decline showed that cell aerobic metabolism decreased in rats with cholestasis which result in the buildup of acid metabolites in the body and there is a direct damage to cells. (67, 68) A previous study showed that decreased function of the hepatic mitochondrion and the weakened citric acid cycle could decrease the intermediate metabolites levels. (69) In summary, the 14 potential biomarkers are mainly associated with redox damage, hepatic injury, kidney injury, mitochondrial dysfunction, systemic endotoxemia, nerve function deficit, the disturbance in hemodynamic and immunosuppression. And oxidative stress may take part in the pathophysiological procedure of cholestasis.
Oxidative stress and cholestasis. We observed both a decrease in GSH and T-AOC as well as an increase in MDA blood level, consistent with a damaged redox balance. Both SOD and GSH-Px transform reactive free radicals into less reactive, or inactive species. In comparison to the sham control group, the BDL rats showed a significant decrease in activities of GSH-Px and SOD in the serum, validating the suppressed antioxidant efficiency in combating the cholestasis induced free radical damage.
There is also a growing body of evidence that obstructive jaundice leads to systemic oxidative stress, influencing all important organs like the liver, (8) kidney, (9) heart, (10) brain, (14) lungs, (11) intestine, (12) and blood. (13) The possible mechanism of increased oxidative stress in cholestasis is complicated. Evidence has accumulated that oxidative stress is cholestatic in essence recently.
(70) Schmitt et al. (71) and Kawai et al. (72) found a fast decline in bile flow, causing a complete cholestasis, after exposing rat livers with the pro-oxidant tert-butylhydroperoxide (tBuOOH). And a role for oxidative stress as a principal etiology and/or a worsening element has been supported in extrahepatic cholestasis caused by bile duct ligation. (70, 73, 74) Generally speaking, oxidative stress needs a combination of increased reactive oxygen species (ROS) formation and damage of antioxidant systems to cause a relevant influence. Several researches have shown that free oxygen radicals participate in the pathogenesis of the cholestatic syndrome. (75, 76) Content of ROS and toxic degradative products of lipid peroxidation increase in several models of clinical and experimental cholestasis. (10, 75) Mitochondria are involved in several vital cellular processes such as energy production, apoptosis, fatty acid metabolism, pyrimidine biosynthesis and calcium homeostasis. The foremost cellular sources of ROS are mitochondria. (77) Mitochondria are likely to the source of ROS in liver cells exposed to pathologic concentrations of bile acids. (78) ROS are over-produced within cells when oxidative stress is generated and mitochondrial function is deficient. (79) Moreover, hepatic injury and fibrosis decreased followed by exposure to mitochondrial Mn-SOD; on the contrary, expression of cytosolic Cu/Zn-SOD was primarily invalid. (80) Put together, mitochondrial ROS are likely to be vital for liver damage in cholestasis.
Oxidant stress plays an vital role in the mechanisms of liver injury and hepatocyte apoptosis during cholestasis. (10) The agents that induce apoptosis include both oxidants and stimulators of cellular oxidative metabolism. (81) Free radicals, specifically ROS, are common mediators of apoptosis. Reactive oxygen intermediates are implicated in the induction of hepatocyte apoptosis in cholestasis. (10, 82, 83) Oxidative stress was considered by some as an unlikely primary contributor to the development of hepatic injury during cholestasis at early phase. (73) And although in vitro studies have shown that bile acids cause hepatocyte apoptosis by mechanisms that rely on ROS, proofs from in vivo researches suggest that this mechanism is of limited importance for liver damage during cholestasis. (73) Oxidative stress is also related to serious complications like renal dysfunction in cholestasis. (84) It plays an important role in kidney dysfunction of obstructive jaundice via the formation of several vasoactive mediators and direct effect on glomerular microcirculation through inducing the contraction of mesangial cells, and in consequence reducing the glomerular capillary ultrafiltration coefficient. (85) Obstructive jaundice leads to development of oxidative injury. (86) This is often concerned with the change of the nutrient material in the intestine and damage of intestinal barrier. (87) Intestinal barrier dysfunction causes remarkable increases in intestinal permeability and bacterial translocation, which results in systemic endotoxemia and inflammatory response and afterwards intestinal barrier dysfunction will grow worse. (88, 89) Oxidative stress and enhanced concentration of proinflammatory cytokines like tumor necrosis factor and interleukin-6 have also been implicated. (90, 91) For these reasons, protecting the integrity of the intestinal barrier and preventing oxidative damage are important goals in the management of endotoxemia in obstructive jaundice. Besides that, a study also describes increased oxidative stress in central nervous system that is likely to explain associated complications during cholestasis. (92) Several researches have also narrated the induction of oxidative stress to neurological disorders. (93, 94) Moreover, scientists conclude that obstructive jaundice may aggravate oxidative stress in the brain and free radicals may be concerned with the pathogenesis of hepatic encephalopathy. (14, 95) 
Conclusion
In the current study, we developed a metabonomic methods based on combination of RPLC-Q-TOF MS and HILIC-Q-TOF MS, and examined global metabolomics changes after BDL in rats. We identified 14 differentially expressed metabolites, belonging mainly to amino acid metabolism, lipid metabolism, glycolysis and Krebs cycle. And the serum biochemical data showed that cholestasis was associated with oxidative stress. Verification in human subjects is being planned.
